[1] The Tibetan Plateau has warmed most rapidly during the winter months in the latter half of the 20th century. Changes in surface specific humidity and their effect on changes in downward longwave radiation (DLR) at the surface are examined to evaluate the pattern of seasonal warming at different elevations over the plateau between 1961 and 2000. We use observed seasonal changes in specific humidity to calculate the changes in DLR over the Tibetan Plateau. We find that increases in surface humidity during winter and spring months produce relatively large increases in DLR when the specific humidity is 2.5 g/kg or less, which usually occurs during the colder months and at higher altitudes. These increases in surface water vapor and the related changes in DLR appear to be part of the reason for the prominent winter warming trend observed over the plateau between 1961 and 2000. 
Introduction
[2] Observations in the high altitude regions of the planet during the latter half of the 20th century have suggested that these regions, like the poles, have been relatively more sensitive to climate change in the recent past [e.g., Beniston, 2003; Diaz and Bradley, 1997; Liu and Chen, 2000] . Review studies by Beniston et al. [1997] and Diaz and Bradley [1997] suggest that many of the mountain regions have warmed at a greater rate (1 -2°C in the last century) than the low elevation counterparts, with greater increases in daily minimum temperatures than daily maximum temperatures. Moreover, within these mountain regions, there is often an elevation dependence with greater warming rates at higher altitudes Liu and Chen, 2000] . In contrast, there are also regions such as the Colorado Rocky Mountains which have experienced cooling at the highest elevation, possibly owing to increases in the local precipitation regime [Pepin and Losleben, 2002] .
[3] Previous studies on the Tibetan Plateau suggest that the warming there during the latter half of the 20th century started earlier (early 1950s) than the northern hemisphere trend (mid-1970s) Niu et al., 2004] , though it experienced a sudden jump in the mid-1980s [Niu et al., 2004] . Moreover, the plateau had a greater magnitude of warming between 1955 and 1996 . This warming has been largest during the winter months [Du et al., 2004; Liu and Chen, 2000; Chen et al., 2006; You et al., 2007] and is estimated to be twice as large as the annual average . However, the comparison between winter and annual warming rates varies greatly among other studies [Du et al., 2004; Chen et al., 2006; You et al., 2007] . Fall has the next highest warming rate; while summer and spring show relatively less warming [Du et al., 2004; Liu and Chen, 2000; Chen et al., 2006; You et al., 2007] .
[4] Using an extensive selection of weather stations (178) within the Tibetan Plateau and its vicinity, Liu and Chen [2000] found a differential increase in the rate of surface warming dependent primarily on the elevation of the observing station for the 1960 -1990 period. Previous modeling studies have suggested snow-albedo feedback to be one of the primary factors in causing an elevation dependent warming (EDW) in high mountain regions [Chen et al., 2003; Giorgi et al., 1997] .
[5] Duan and Wu [2006] reported increases in low level nocturnal cloud cover over central and eastern parts of the plateau between 1961 and 2003, despite decreases in total cloud cover during the same period. They suggest that these increases in the low-level cloud cover explain, in part, the increases in minimum temperatures over the plateau in the latter half of the 20th century.
[6] In this study, we examine the potential effects of seasonal changes in surface water vapor on downward longwave radiation (DLR) and on the surface warming observed in the plateau between 1961 and 2000 at different elevations. Measurements of surface specific humidity (q) and DLR at different elevations in the Swiss Alps by Ruckstuhl et al. [2007] suggest large increases in DLR in response to changes in q during the cold seasons, when the absolute water vapor in the surface boundary layer is relatively low. We use their observed relationship between q and DLR to examine whether increases in surface water vapor over the Tibetan Plateau are, in part, responsible for the large warming during the winter months between 1961 and 2000, particularly at higher altitudes. Details of the observations and the analytic approach are provided in section 2. Section 3 describes the observed warming trends in the Tibetan Plateau and section 4 discusses the effects of changes in low-level water vapor on surface temperature in the region. Section 5 provides concluding remarks.
Methods
[7] Observations of climate variables such as surface air temperature, surface specific humidity (q), cloud cover and precipitation from 1961 to 2000 are obtained from the dataset described by Xu et al. [2006] . For this study, the Tibetan Plateau region lies between 80-105°E and 27-39°N. There are a total of 43 observation stations, and most of them are located on the eastern side of the plateau where the average elevation is relatively low (see Figure S1 in the auxiliary material).
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[8] Since we do not have direct observations of DLR over the plateau, we use a power law relationship (DLR = 181.4 * q 0.29 ) between observed DLR and q obtained from measurements by Ruckstuhl et al. [2007] at different locations in the Swiss Alps for all sky conditions, to estimate the changes in DLR over the Tibetan Plateau owing to the observed changes in q. Although we do not expect the power law relationship obtained by Ruckstuhl et al. [2007] for all sky conditions in the Alps to be exactly the same as the relationship in the Tibetan plateau, we do expect the relationship to be similar owing to similar environmental conditions. The annual variation in q for the Swiss Alps (1 -11 g/kg) as reported by Ruckstuhl et al. [2007] is similar to those observed on the Plateau (1 -10 g/kg). Moreover, Rangwala et al. (Using a global climate model to evaluate the influences of water vapor, snow cover and atmospheric aerosol on warming in the Tibetan Plateau during the 21st century, submitted to Climate Dynamics, 2009) found that the power-law curve for the DLR/q relationship on the Plateau obtained from a global climate model is quite similar to that of Ruckstuhl et al. [2007] , and the modeled sensitivities are within 10% of those obtained by Ruckstuhl et al. [2007] .
Observed Warming Trends Over the Tibetan Plateau
[9] Observations from the 43 stations within the plateau region describe a warming trend of 0.24°C/decade for the 1961 -2000 period. Since we have specific humidity observations at only these 43 stations, we first compare the annual temperature trends based on these stations with those of the larger dataset of Liu and Chen [2000] to verify if these 43 stations are representative of the larger dataset. Figure 1a shows that elevation based annual warming trends between 1961 and 1990 based on the 43 stations are similar to the trends reported by Liu and Chen [2000] for the same time period; however the rates of warming calculated in their study are slightly lower. Their lower warming rates may be partly due to their inclusion of more lower elevation stations to the east of our study area where the warming rates are lower.
[10] Figure 1b shows that for the 1961-2000 period, winter, followed by fall, has warmed most rapidly at all elevations. Spring and summer months, which show significantly lower warming rates in the region during the 1961 -1990 period, demonstrate greater increases in temperatures when the 1961 -2000 period is considered. We see a rapid increase in spring warming and a slackening in the rate of winter warming during the last decade of the 20th century. Figure 1a also shows an EDW in the region based on the 43 stations as suggested by Liu and Chen [2000] for the 1961 -1990 period. However, when we include the last decade (1991 -2000) , the EDW trends become weaker.
[11] For the 1961 -2000 period, Figure 2a shows the largest temperature increases during winter. Figures 2b and 2c indicate that daily minimum temperatures over the plateau have increased much more rapidly than the daily maximum temperatures in all seasons and at all elevations except at the lowest elevation during fall. There are also similar increases in maximum temperatures during winter, summer and fall, whereas winter has the largest increases in minimum temperatures. At the highest elevations, maximum temperatures increase most in summer. At lower elevations, the largest increases occur in winter and fall. There are statistically insignificant decreasing trends (about À0.1% sky cover per decade) in cloud cover during all seasons (Figure 2d) . Figures 2e and 2f show that increases in q are larger at higher elevations during winter and spring, whereas for summer, they are largest at 0 -2500 m. Similarly, Figures 2g and 2h indicate large increases in precipitation over the plateau at higher elevation during winter and spring; however increases in summer precipitation is largest at 0 -2500 m.
[12] The surface humidity increases between 1961 and 2000 for each season and elevation are consistent with 
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increasing temperatures. We would expect surface humidity increases to be driven by temperature increases according to the Clausius-Clapeyron relationship provided that there is a sufficient source of moisture at the surface. However, there are limitations on the availability of surface moisture for most of the year over the Tibetan Plateau, and the changes in specific humidity cannot be accounted for entirely by changes in temperature based on the Clausius-Clapeyron relationship.
Effects of Increases in Low-Level Water Vapor on Surface Temperature
[13] A portion of the prominent winter warming over the plateau during the latter half of the 20th century (Figure 1b) can be explained by large increases in DLR, which is associated with increases in the atmospheric water vapor content. Large changes in DLR during the winter months are, in part, associated with a greater sensitivity for the atmospheric absorption of longwave radiation at low atmospheric water vapor content which occurs during the cold season. This effect becomes larger at higher elevations. Ruckstuhl et al. [2007] present observational evidence from the Alps to support this conclusion. They suggest an enhancement in the absorption of outgoing longwave radiation in the atmospheric window (8 -13 mm) at higher elevations where the atmospheric vapor concentrations are significantly lower. We also expect this sensitivity of DLR to q to increase at higher altitudes in the Tibetan Plateau.
[14] We calculate increases in DLR over the Tibetan Plateau resulting from the observed increases in q for the 1961-2000 period based on the sensitivity obtained from the power law curve described by Ruckstuhl et al. [2007] for all sky conditions, i.e. DLR = 181.4 * q 0.29 . Figure 3 indicates the location of observed seasonal values of q on the power law curve at different elevations. For a specific value of q, the sensitivity (l) of DLR to q is defined as the slope of the power law curve at that value of q. The sensitivity of DLR to q becomes larger when q is less than 2.5 g/kg which occurs primarily during winter and spring at higher elevations. Table 1 shows high values and large elevation dependent variation in l during winter, i.e. 30-50 Wm À2 per 1 g/kg increase in q in winter. Conversely, l has much lower values and smaller elevation dependent variation during summer, i.e. 10-13 Wm À2 per 1 g/kg increase in q.
[15] The change in DLR for each season can be calculated as DDLR = l * Dq, where Dq is the observed change in q from 1961 -2000. Calculations of DDLR based on the estimated l suggest large increases in DLR during cold seasons at 4000 -5300 m (15 and 11 W/m 2 for winter and spring, respectively) and 2500-4000 m (10 and 7 W/m 2 for winter and spring, respectively) (Figure 4) . These large increases in DLR during winter and spring months at high altitudes can, in part, facilitate a more prominent warming of the surface during these months, particularly increases in the minimum temperature (Figure 2c) . If warming over the plateau is associated with advection changes then we should see similar increases in minimum and maximum temper- atures. However, the minimum temperature increases significantly more than maximum temperature between 1961 and 2000 at all seasons and elevation, except at 0 -2500 m in fall when the increase is similar (Figures 2b and 2c) . Therefore, the temperature changes may be largely associated with changes in the local forcings. We expect a larger influence of solar irradiance on the maximum temperature and of DLR on the minimum temperature. A large increase in the minimum temperature during winter is, therefore, likely to be associated with large increases in DLR.
[16] Contrary to greater increases in DLR at the higher elevations during winter for the 1961 -2000 period, the mean observed winter warming is largest at the lowest elevation (Figure 2a ) although the increases in the minimum temperatures are similar at all elevations. We suggest that this greater warming at lower altitudes during winter is in part due to greater increases in winter precipitation at higher altitudes (Figures 2g and 2h) , which presumably increased the snow cover extent at higher elevation between 1961 and 2000 and suppressed the maximum temperature for the same region as seen in Figure 2b . Snow on the ground greatly reduces the absorption of solar radiation at the surface hence suppressing the maximum temperature more than the minimum temperature [e.g., Leathers et al., 1995] . Furthermore, lower increases in the maximum temperature during spring (Figure 2b ) could also be related to possible increases in snow cover extent in the region. Xu et al. [2007] report significant increases in precipitation over the plateau during the spring months between 1960s and 2001 (see also Figure 2g ), which is consistent with the increases in spring snow depth over the plateau since mid-1970s .
[17] The estimation of a large increase in DLR at 0-2500 m during summer (Figure 4 ) is due to unusually sharp increases in the surface humidity between 1961 and 2000 ( Figure 2e ). However, there is a relatively small increase in surface temperature during the same time period. The estimated monthly trends in sulfate aerosols from 1961 -2000, obtained from the Program for Climate Model Diagnosis and Intercomparison (PCMDI; http://www-pcmdi.llnl. gov), indicate large increases in the atmospheric aerosol burden at lower elevation regions in the plateau during summer. These large increases in aerosol burden could, in part, explain the relatively lower rates of warming during summer at 0 -2500 m. A large presence of aerosols will decrease the incoming solar radiation at the surface thereby suppressing the surface warming.
Conclusions
[18] Analysis of available climate datasets from Xu et al. [2006] on the Tibetan Plateau from 1961 -2000 confirms the general pattern of warming described in the earlier studies on the region -a strong warming trend during the winter months [Du et al., 2004; Liu and Chen, 2000; Chen et al., 2006; You et al., 2007] . Using the observed relationship between DLR and q from Ruckstuhl et al. [2007] , we found large sensitivities of DLR to q during winter relative to other seasons at all elevations. Based on the observed changes in q, we calculated large increases in DLR during winter and spring months particularly at higher altitudes. These large increases in DLR appear to be partly responsible for producing the large warming over the plateau during the winter months. Our results are similar to and consistent with those of Ruckstuhl et al. [2007] for the Alps.
[19] Our analysis also suggested EDW trends in the annual temperatures over the plateau from 1961 -1990 similar to those reported by Liu and Chen [2000] for the same time period. However, when we include the last decade of the 20th century the EDW trends become weaker.
[20] For the 21st century, we suggest that a continuous warming of the atmosphere caused by an increasing greenhouse gas forcing will further increase the atmospheric water vapor content. This continual increase in atmospheric water vapor will keep increasing the absorption and reemission of longwave radiation in the lower atmosphere in the q range where DLR remains sensitive to q. Therefore, for most of the 21st century, we expect relatively large rates of warming in the plateau during winter at high altitudes due to a stronger surface water vapor feedback at low q levels. Moreover, as the sensitivity of DLR to q is also elevation dependent we expect this factor to be important in causing an EDW during the winter months.
